Abstract. Endogenous retroviruses (ERVs) are present in the genome of all vertebrates and are remnants of ancient exogenous retroviral infections of the host germline transmitted vertically from generation to generation. Sheep betaretroviruses offer a unique model system to study the complex interaction between retroviruses and their host. The sheep genome contains 27 endogenous betaretroviruses (enJSRVs) related to the exogenous and pathogenic Jaagsiekte sheep retrovirus (JSRV), the causative agent of a transmissible lung cancer in sheep. The enJSRVs can protect their host against JSRV infection by blocking early and late steps of the JSRV replication cycle. In the female reproductive tract, enJSRVs are specifically expressed in the uterine luminal and glandular epithelia as well as in the conceptus (embryo and associated extraembryonic membranes) trophectoderm and in utero loss-of-function experiments found the enJSRVs envelope (env) to be essential for conceptus elongation and trophectoderm growth and development. Collectively, available evidence in sheep and other mammals indicate that ERVs coevolved with their hosts for millions of years and were positively selected for biological roles in genome plasticity and evolution, protection of the host against infection of related pathogenic and exogenous retroviruses, and placental development. Key words : Endogenous, Placenta, Retrovirus, Sheep, Uterus (J. Reprod. Dev. 58: [33] [34] [35] [36] [37] 2012) E ndogenous retroviruses (ERVs) are present in the genome of all vertebrates and are vertically transmitted as stable, inherited Mendelian genes [1] . ERVs are thought to arise from ancient infections of the germline of the host by exogenous retroviruses, and they have heavily colonized the genome of all animal species. The obligatory integration step of the retroviral replication cycle allowed, during evolution, the incorporation of the viral genome (provirus) into the host genome. In fact, approximately 40% and 47% of the human and bovine genome, respectively is comprised by transposable elements, and ERVs account for approximately 8% of those elements in humans [2] and 18% in cattle [3] . Retrotransposition or re-infection of the germline can generate further insertions augmenting the number of ERVs loci in the genome [4] . A complete ERV "provirus", i.e. the retroviral genome integrated into the host cell genome, shares the same genomic structure of an exogenous retrovirus, which is four viral genes (gag, pro, pol, and env) flanked by two long terminal repeats (LTRs) (Fig. 1) . The gag gene encodes for the major viral structural protein, while pro and pol encode for the viral enzymatic machinery necessary for the viral replication cycle. The env gene encodes for the envelope glycoprotein (Env) that is inserted in the lipid bilayer of the exterior membrane to form the viral envelope and mediates entry of the virus into susceptible cells via a receptor. The LTRs contain enhancer and promoter elements that direct expression of the viral genes.
ERVs are highly related to exogenous retroviruses, including Jaagsiekte sheep retrovirus (JSRV), mouse mammary tumor virus (MMTV), feline leukemia virus (FeLV), and avian leukemia virus (ALV), which are currently active and infect sheep, mice, cats and chickens, respectively [1] . These ERVs are generally referred to as "modern" ERVs, because they integrated into the host genome after speciation and are closely related to exogenous viruses that are still infectious. Indeed, most ERVs do not have an exogenous counterpart. Some modern ERVs are still able to produce infectious virus due to the lack of inactivating mutations. Modern ERVs can also have insertionally polymorphic loci, since they are not completely fixed in a particular population and are still undergoing endogenization. In contrast, "ancient" ERVs invaded the genomes before speciation and, consequently, are present in every individual at the same genomic location of phylogenetically related species [6] . Over time, ERV accumulate mutations, insertions, and recombinations, particularly if their expression brings deleterious consequences for the host [1] . Consequently, the majority of integrated retroviral sequences are non-functional remnants ("fossils") of exogenous related sequences.
The biological significance of ERVs has been debated for several decades and, in the past, they were generally thought to be "junk DNA" [7] ; however, mounting evidence reveals that selected ERVs have a variety of beneficial roles to their host [2, 8, 9] . The presence of transcriptionally active ERVs with intact open reading frames (ORFs) conserved million of years after integration support the idea that some ERVs were selected and co-opted by the host for specific biological roles until they became true essential genes [10] . In this review, we will focus on the biological roles of sheep JSRV-related endogenous betaretroviruses (enJSRVs) in genome plasticity and evolution, protection from exogenous and pathogenic JSRV, and placental development.
Endogenous and Exogenous Betaretroviruses of Domestic Sheep: enJSRVs/JSRV
Domestic sheep harbor at least 27 copies of ERVs in their genome, termed enJSRVs ( Fig. 1 ), because they are highly related to the exogenous and pathogenic Jaagsiekte sheep retrovirus (JSRV) [11] . JSRV is the causative agent of ovine pulmonary adenocarcinoma, a transmissible lung cancer of sheep [12] . A unique feature of JSRV among oncogenic retroviruses is that its Env glycoprotein is the main determinant of cell transformation both in vitro and in vivo [13] [14] [15] . The JSRV Env is able to induce lung adenocarcinomas in immunocompetent sheep when expressed by a JSRV-based vector under the control of the JSRV LTR [14] . Although the mitogen activated protein kinase (Ras-MEK-MAPK), Rac1, and phosphoinositide 3-kinase (PI3K-AKT-mTOR) pathways are implicated in JSRV-induced cell transformation, it still remains to be determined how the viral Env engages the cell signaling network to activate these pathways [16] [17] [18] [19] [20] .
The majority of the 27 enJSRV proviruses in sheep are defective as a result of deletions, nonsense mutations, and recombinations; however, five enJSRV proviruses contain intact genomes with uninterrupted ORFs for all retroviral genes ( Fig. 1) [11] . These enJSRV loci are insertionally polymorphic in the domestic sheep population. JSRV and enJSRVs have a high degree of similarity (~85-89% identity at the nucleotide level). enJSRVs are present in sheep and goats, but not cattle or other mammals. Integration of enJSRVs began before the split between the genus Ovis and the genus Capra, approximately 5 to 7 million years ago, and continued after sheep domestication (~10,000 years ago) [11, 21] . Interestingly, a particular enJSRV provirus, enJSRV-26, is thought to have integrated in the host less than 200 years ago and may be a unique integration event occurred in a single animal [11] . Thus, the enJSRVs are most likely still invading the sheep genome.
enJSRVs Viral Interference enJSRVs can block JSRV replication at both early and late stages of the retroviral cycle. Both JSRV and enJSRVs use the same cellular receptor for entry, which is a glycosylphosphatidylinositol (GPI)- anchored protein named HYAL2 (hyaluronoglucosaminidase 2) [11, 22] . As described for other viruses, enJSRVs Env can prevent JSRV entry by a classic mechanism of receptor interference [23] . In addition, two enJSRV loci (enJS56A1 and enJSRV-20) can block JSRV replication at a late stage of the retroviral replication cycle by a block referred to as JSRV late restriction [11, 24, 25] . These two transdominant proviruses entered the host genome 3 million years ago before and during speciation within the genus Ovis [11] . They subsequently acquired in two temporally distinct events a defective Gag polyprotein via a substitution of an arginine at the position 21 (typical of a replication competent virus) to a tryptophan residue. JSRV late restriction likely occurs via the production of defective Gag protein by the transdominant proviruses that form viral particles and/or multimers with the functional Gag proteins, which then accumulate in the cytoplasm as pre-aggresome structures that are subsequently degraded by the proteasome. Therefore, the transdominant proviruses prevent Gag proteins of the competent virus to interact with the trafficking cellular machinery and ultimately the release of viral particles [25, 26] . Available evidence strongly supports the hypothesis that selection of transdominant enJSRV loci protected sheep against infection with related exogenous retroviruses, including JSRV and perhaps enzootic nasal tumor virus or ENTV. Both proviruses with transdominant (protective) genotype/phenotypes became fixed in the host genome of the domestic sheep (Ovis aries), supporting the idea of their positive selection during or immediately before sheep domestication (9,000 years ago). These data support the hypothesis that ERVs could help the host to fight retroviral infections [27] and might be useful to genetically engineer animals that are resistant to exogenous retroviruses.
ERVs and Placental Development
ERVs have been speculated to play a physiological role in placenta morphogenesis for almost three decades considering that retroviral particles have been frequently observed in the reproductive tract [28] [29] [30] . In fact, ERVs are abundant in the genital tract and placenta of various animal species [30, 31] . A number of intact ERV env genes have been identified in primates (syncytin-1 and -2) [32] [33] [34] , Muridae (syncytin-A and -B in mouse, rat, gerbil, vole, and hamster) [35] , rabbits (syncytin-Ory1) [36] , and guinea pigs [37] . In each case, the protein products of the nonorthologous ERV env genes, termed syncytins, are highly fusogenic in transfection assays and preferentially expressed in the syncytiotrophoblast. The syncytiotrophoblast is a multinucleated cell that lines the outer surface of the placenta, derived by intercellular fusion of mononuclear cytotrophoblast cells, and responsible for the transport of oxygen, nutrients and waste products, production of hormones, and immune tolerance [38] . In both humans and mice, one of the two syncytins (human syncytin-2 and mouse syncytin-B) is immunosuppressive and, rather unexpectedly, the other (human syncytin-1 and mouse syncytin-A) is not, although both are able to induce cell-cell fusion [39] . Syncytins play an important biological role in syncytiotrophoblast development in mice, because syncytin-A null mice die in utero due to failure of trophoblast cells to fuse and form syncytiotrophoblast layer I in the mouse placenta [40] and syncytin-B null mice display impaired formation of syncytiotrophoblast layer II [41] . Given that some syncytins are immunosuppressive, they may play a role in fetomaternal tolerance, although this concept has not been mechanistically tested in vivo [39] . The presence of intact env genes that are expressed in the multinucleated syncytiotrophoblasts of the placenta and preserved over thousands of years, together with the observation that they elicit fusion of cells in vitro, led to the speculation that ERVs play an essential role in placental development and were positively selected for a convergent fundamental role in the evolution of placental mammals and development of viviparity [35, 36, 42, 43] .
In sheep, enJSRVs are abundantly expressed in the epithelia lining the different tissues of the female reproductive tract (vagina, cervix, uterus and oviduct) [44, 45] . In the uterus, both enJSRVs RNA and protein are detected specifically in the endometrial luminal epithelium (LE) and in the glandular epithelia (GE) [45] [46] [47] . In addition, the enJSRVs env are expressed in the trophectoderm cells of the placenta in a temporal fashion that is coincident with key events in conceptus elongation and onset of trophoblast giant binucleate cell (BNC) differentiation [44] . Within the placenta, enJSRVs are most abundant in the trophoblast giant BNC and multinucleated synytial plaques within the placentomes throughout pregnancy. The RNA of enJSRVs is first detected in the conceptus on day 12 [44] . Interestingly, HYAL2, a cellular receptor for both JSRV and enJSRVs Env [11, 22] , is detected exclusively in the BNC and the multinucleated syncytial plaques of the placenta [44] . These observations led to the hypothesis that enJSRVs and HYAL2 are important for placental growth and differentiation in sheep [48] . Indeed, injection of morpholinos that inhibit enJSRV Env production into the uteri of pregnant sheep on day 8 of pregnancy compromised conceptus elongation, resulting in reduced mononuclear trophoblast cell outgrowth and loss of trophoblast giant BNC differentiation [49] . The biological role of HYAL2 in sheep conceptus development and differentiation has not been determined. Figure 2 presents a current hypothesis on the biological roles of enJSRVs Env and HYAL2 in trophoblast development and differentiation in the sheep conceptus during early pregnancy. Interestingly, the enJSRVs Env have a high degree of similarity with the oncogenic exogenous JSRV Env; thus, it is tempting to speculate that both endogenous and exogenous JSRV Env share similar mechanisms to induce trophoblast proliferation/differentiation and cell transformation, respectively, since placental morphogenesis has features similar to tumorigenesis and metastasis [50, 51] . Indeed, the Ras-MEK-MAPK, Rac1, and PI3K-AKT-mTOR signalling pathways involved in JSRV-induced cell transformation are important regulators of trophoblast growth and differentiation in human and rodent placentae [52] . However, the biological mechanisms of how enJSRVs Env regulate trophoblast growth and perhaps differentiation in the ovine conceptus are not known, but remain a focus of current research.
Recent evidence indicates that ERV env genes are also expressed in the bovine placenta [53, 54] . One such element, bERVE-A, has a similar sequence to human syncytin-1 and is expressed specifically in trophoblast BNC, but it lacks an intact env sequence [53] . Two other proviruses (BERV-K1 and -K2) contain full-length env genes and are expressed in the bovine placenta and cultured bovine trophoblast cells [54] . These ERVs may have a biological role in development of the placenta, similar to enJSRVs in sheep and syncytins in mice and humans. In silico analyses of mammalian genomes and next generation sequencing data is expected to considerably expand our knowledge of ERVs and their biological roles within their hosts.
Conclusions
ERVs are present in the genomes of all vertebrates [4] and can be used as DNA fossils to unravel virus-host coevolution over millions of years [6, 21] . The domestic sheep constitutes a powerful model to study the biological significance of ERVs given the contemporary presence in this animal species of a pathogenic exogenous retrovirus (e.g., JSRV) and the biologically active enJSRVs [11, 55] . During evolution, the first driving force that positively selected and fixed enJSRVs in sheep population was their ability to protect their host against infection by related pathogenic retroviruses [27, 55] . However, the enJSRVs Env are also essential for placental development in sheep [49] . Collective evidence from studies of primates, rodents, and sheep supports the idea that independently acquired, nonorthologous ERVs were positively selected for a convergent physiological role in evolution and development of the placenta. Studies with enJSRVs and JSRV as well as other ERVs expressed in the placenta help us understand how ERVs evolved from infectious elements to essential genes [10] .
